This work reports on measurements of the Auger recombination coefficients in silicon wafers with pump-probe thermoreflectance techniques operating at two different excitation rates: 250 kHz ͑low repetition rate͒ and 80 MHz ͑high repetition rate͒. The different excitation frequencies give rise to different thermoreflectance signals in the Si samples, which is ascribed to the excited number density in the conduction band. In the low repetition rate case, the excited carriers recombine via Auger processes before the next pump excitation is absorbed. However, in the high repetition rate case, the rate in which the pump excitations are absorbed at the sample surface is higher than the Auger recombination rate, indicating that the excited carrier densities in the high repetition rate experiments are much higher than in the low repetition rate measurements even though the pump fluences are comparable. This is ascribed to pulse accumulation in the high repetition rate measurements, and is quantified with rate equation and thermoreflectance models fit to the experimental data. Comparing the data taken at the two different excitation modulations gives insight into the excited carrier density when recombination rate are on the same order as excitation frequencies.
I. INTRODUCTION
Pump-probe optical techniques for semiconductor characterization are invaluable tools for directly probing the dynamics of photoexcited carriers in semiconductor structures during nonequilibrium, nonradiative, and recombinatory processes in the time domain. 1 The use of ultrashort, subpicosecond laser pulses in pump-probe spectroscopy has led to enormous progress in understanding the basic relaxation mechanism of carriers in semiconductors.
1, 2 The recent advances in miniaturization of semiconductor-based devices along with materials processing requirements-such as surface coatings, implantation, and annealing-have a tremendous impact on the carrier dynamics and relaxation in these materials, making femtosecond optical experiments appealing techniques for measuring a wide range of excited carrier phenomena due to the time scales of the electronic relaxation mechanisms. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] Following optical excitation, the electrons and holes undergo spatial and temporal evolution with characteristic times dependent on the various relaxation processes. 14 In silicon, the first few picoseconds after optical excitation are dominated by free carrier redistribution via electron and phonon scattering and interband transitions ͑dominated in Si by state filling͒. 3 Due to the nature of the electronic transitions, the temporal overlap of these various electronic relaxation events can give very complicated thermoreflectance signals in semiconductors ͑and metals alike͒. 5, 11, 15, 16 The next 100 ps-1 ns is dominated by various surface carrier recombination processes 3, 10, 13 competing with recombinatory processes in the bulk of the material. Typically, the surface recombination processes are much faster than the bulk due to the high carrier densities near the surface ͑i.e., closer to the excitation͒; 2 due to these high densities, these surface processes are a critical parameter in device design and optimization, specifically in optoelectronic and photovoltaic devices. In this work, we measure the Auger recombination coefficient in surface treated Si wafers with pump-probe thermoreflectance techniques of varying wavelengths and different excitation rates. The different excitation frequencies give rise to drastically different thermoreflectance signals in the Si samples, which is ascribed to the excited number density in the conduction band. We consider excitation regimes in this work ͑Ն5 ϫ 10 17 cm −3 ͒ in which Auger processes dominate excited carrier recombination. 13, 17 As pointed out by Sabbah and Riffe, 10 pump-probe techniques using above-band-gap energies for the pump and probe pulses are extremely sensitive to surface dynamics. Although the pump pulse can have a relatively large excitation depth ␦ e Ϸ / ͑4k͒, where is the wavelength of the pump pulse and k is the extinction coefficient ͑␦ e = 8.92 m in Si at 785 nm incident pump wavelength͒, the probe pulse has a relatively small penetration depth since the pulse arrives at the sample surface after the pump has excited the carriers to the conduction band. This probe penetration depth can be estimated as ␦ p Ϸ / ͑4n͒, 17 where n is the real component of the refractive index ͑␦ p =17 nm in Si at 785 nm incident pump wavelength͒, which is relatively small, so the probe thermoreflectance is dominated by surface carrier dynamics. Note that for optically excited semiconductors, the complex dielectric function = 1 + i 2 becomes dominated by 2 since 1 ͑ 2 ͒ decreases ͑increases͒ with excited carrier density. Since the complex index of refraction is given by n = n + ik = ͱ , after pump excitation of carriers from the valence band to the conduction band, n Ϸ͑1+i͒ ͱ 2 / 2.
Since the surface carrier dynamics are governed by the a͒ Author to whom correspondence should be addressed. 
II. EXPERIMENTAL DETAILS
We probed the surface dynamics of four different Si samples. The samples were prepared from ͑100͒ oriented, p-type ͑boron͒ silicon wafers from Pure Wafer Inc. with a resistivity of 1 -100⍀ cm ͑dopant levels of 10 14 -10 16 cm −3 ͒. Atomic layer deposition ͑ALD͒ was used to deposit specific thicknesses of alumina on the surface of the wafers using controlled pulses of electronic grade trimethyl aluminum and water in a custom designed ALD viscous flow reactor at Sandia National Laboratories. ALD is a deposition technique that provides high conformity and thickness control by utilizing self-limiting surface reactions and sequential reactant injection. 19 The samples contained ϳ2.1 nm of native oxide which was not removed before the deposition of alumina. A nitrogen carrier gas was flowed at 200 SCCM ͑SCCM denotes cubic centimeter per minute at STP͒ into the reactor to transport the chemical reactants down the hot wall reactor tube and past the samples. The depositions were performed in a temperature range of 173-190°C and a reactor pressure or 1.0 Torr. Pulse and purge times for the reactants were identical and were 1 and 15 s, respectively. This sequence resulted in reactant pressure transients of 90 mTorr for the trimethyl aluminum and 120 mTorr for water. Running 770 ALD cycles resulted in 79 nm of ALD alumina as measured with spectroscopic ellipsometry. This resulted in a growth rate of ϳ0.1 nm per ALD cycle. After the deposition of alumina, some of the samples were annealed in hydrogen gas without an air break and various Si samples underwent different in situ anneals in forming gas. The forming gas anneals were performed using 25 Torr of H 2 in the reactor with a balance of N 2 to obtain a total pressure of 510 Torr in the reactor. The furnace temperature was increased to bring the reactor annealing temperature to 430°C. Surface preparation details of the specific samples examined in this study are described in Table I .
Experimental data were taken with two different Ti:sapphire based pump-probe transient thermoreflectance ͑TTR͒ setups. The high repetition rate setup is described in detail by Hopkins et al., 20 in which the primary output emanates from a Ti:Al 2 O 3 oscillator with a central wavelength of 785 nm, pulse width of ϳ90 fs with ϳ10 nJ per pulse, and a repetition rate of 80 MHz. The pump beam is modulated with an electro-optic modulator ͑EOM͒ at 11 MHz and the pump and probe beams are focused down to the sample surface with radii of ϳ15 m. The EOM broadens the pump pulse to ϳ200 fs. The low repetition rate system is based on a laser system in which the primary output emanates from a Ti: Al 2 O 3 oscillator seeding a regenerative amplifier producing 200 fs pulses at 800 nm with nearly 4 J per pulse at 250 kHz repetition rate. The relatively energetic pulses are then split into two paths; one path is frequency doubled ͑pump͒ and the other is passed through a sapphire window to generate a white light continuum ͑probe͒. 9, 15, 21 The frequency doubled 400 nm train of pump pulses are then modulated with a mechanical chopper at a repetition rate of 1 kHz and focused onto the sample surface at ϳ3 J m −2 incident fluence. The white light probe pulses are reflected off the sample surface, passed through a bandpass filter of ϳ3 nm bandwidth centered at the wavelength of interest, and the reflectance is monitored with a photomultiplier tube. The raw data from each experimental setup were adjusted to account for experimental noise by the phase correction technique discussed by Stevens et al. 22 Figure 1͑a͒ shows the phase corrected thermoreflectance data ͑⌬R͒ taken on the four Si surface treated samples from the low repetition rate technique ͑250 kHz͒ at 400 nm pump and 750 nm probe wavelengths. This pump excitation corresponds to an excited carrier density of N e ϳ 5 ϫ 10 19 cm −3 . Normalizing at the peak, the decay of the TTR signals over 200 ps after the peak reflectance of the four samples are nearly identical. This indicates that the surface recombination rates ͑to be quantified later͒ are identical for each of Si surface treated samples. To solidify this conclusion about the carrier dynamics at the surfaces of the four Si samples, TTR data are taken at different probe wavelengths ͑600, 650, 700, and 750 nm͒ and show nearly identical decay rates at the different wavelengths, as shown in Fig. 1͑b͒ for the ͑CE͒ sample. The inset of Fig. 1͑b͒ shows the maximum thermoreflectance signal measured on each sample and each wavelength. Therefore, there are two important observations to note from this inset: ͑1͒ the thermoreflectance signal increases as the probe wavelength ͑energy͒ increases ͑de-creases͒. This is expected as the probe energy approaches the band gap of silicon and explains the increased noise in the data as probing wavelength becomes further away from the 1107 nm ͑1.12 eV͒ band gap; and ͑2͒ there is a slight variability in the magnitude of ⌬R among the samples indicating that the surface treatment changed the band structure near the surface enough to effect thermoreflectance, but not enough to change any of the carrier dynamics since the decay rates are all nearly identical. To test the effect of excited number density on the thermoreflectance response using the low repetition rate technique, we vary the incident pump fluence over an order of magnitude. The inset of Fig. 1͑a͒ shows the thermoreflectance decay of sample B at a probe wavelength of 800 nm using incident pump fluences of 3.0, 0.9, and 0.1 J m −2 ; this corresponds to excitation number densities from 1 ϫ 10 18 -5ϫ 10 19 cm −3 . Although the magnitude of the signal to noise decreases as the fluence decreases, the different fluences all exhibit the same rate of thermoreflectance decay. As previously mentioned, the thermoreflectance decay is expected to be dominated by Auger recombination. If lowering the excitation number density were to change the dominant recombinatory mechanism, then we would expect a change in the thermoreflectance decay. The similar measured temporal decays indicate that the thermoreflectance decay mechanisms at the three different excitation densities are all similarly dominated by Auger recombination Due to the relatively short Auger recombination time in Si compared to the time between pulses in the low repetition rate setup ͑4 s͒, the pump effectively excites an Auger recombined Si surface. However, the high repetition rate setup operating at 80 MHz excites the sample with pump pulses every 12 ns. Therefore excitation events occur before the Si system has time relax via Auger recombination. This causes drastically different reflectivity decays, as seen in Fig.  2 , which plot the temporal thermoreflectance response of the four different Si samples at 785 nm. In these high repetition rate measurements, the incident pump excitation of ϳ2 J m −2 corresponds to an excited carrier density of N e ϳ 6.0ϫ 10 17 cm −3 per pump pulse. Note that this excitation number density is similar to the lowest fluence excitation in the low repetition rate experiment shown in the inset of Fig.  1͑a͒ ͑ϳ1 ϫ 10 18 cm −3 ͒. One stark difference is the fact that over the 200 ps delay, ⌬R only relaxes down to ϳ90% of the peak value ͑seen more clearly in inset 1 of Fig. 2͒ , where the data shown in Fig. 1 relax to ϳ10% of the peak value. Given that the thermoreflectance signal is proportional to the number of excited carriers N e , this is intuitive since the high repetition rate system does not allow carriers to "leave" ͑via recombination͒ the conduction band, and therefore N e is higher over a longer pump-probe delay in the high repetition rate setup.
III. EXCITED NUMBER DENSITY AND PULSE ACCUMULATION EFFECTS
To quantify the surface dynamics with the thermoreflectance data, we must determine how the excited carrier number density changes with time. In this approach, we consider ambipolar diffusion negligible in the probed region over the time scale of interest so that the excited number density balance equation becomes The similar thermoreflectance responses at the three different excitation number densities indicate that Auger recombination is dominating the temporal decay on the Si samples. ͑b͒ ⌬R taken at different probe wavelengths ͑600, 650, 700, and 750 nm͒, which show nearly identical decay rates at the different wavelengths. ͑inset͒ Maximum thermoreflectance signal measured on each sample and each wavelength.
FIG. 2.
͑Color online͒ ⌬R from the four different Si samples at 785 nm from the high repetition rate technique ͑80 MHz͒. Over the 200 ps delay, ⌬R only relaxes down to ϳ90% of the peak value, where the data shown in Fig. 1 relax to ϳ10% of the peak value. The high repetition rate system does not allow carriers to leave ͑via recombination͒ the conduction band and, therefore, N e is higher over a longer pump-probe delay in the high repetition rate setup. ͑inset 1͒ Thermoreflectance data on a smaller ⌬R scale to see the magnitude of the decay over 200 ps more clearly. ͑inset 2͒ Representative noncorrected data set from the high repetition rate experiment. Note the nonzero value of ⌬R before t = 0 pump-probe delay time indicating accumulation of the excited number density.
subjected to N e ͑t =0͒ = ͑1−R͒F / ͑hv␦ e ͒, where R is the reflectivity of the surface, F and hv are the incident fluence and photon energy, respectively, ␥ s we define as the Auger recombination coefficient near the surface ͑cm 6 s −1 ͒, and t is the time. For this analysis, N e ͑t =0͒ for the low and high repetition rate experiments are 5 ϫ 10 19 and 6 ϫ 10 17 cm −3 , respectively. In Eq. ͑1͒, we assume that the only process affecting the change in number density in the conduction band is Auger recombination, which, here, we define as a surface process that is different than the bulk Auger recombination process. The solution to Eq. ͑1͒ is given by
The number density is then related to the reflectivity through the Drude model, given by
where is the angular frequency of the incident photons, p is the plasma frequency given by p 2 =4N e e 2 / m ‫ء‬ , where e is the fundamental charge and m ‫ء‬ is the reduced effective mass for electrons and holes ͑m ‫ء‬ = 0.12m e where m e is the free electron rest mass͒, 13 and e is the electron collisional frequency, which we take as ϳ100 fs for Si ͑effectively instantaneous over the time scale of interest͒. 10 Given that n + ik = ͱ , the normalized thermoreflectance signal is given by
where t is the time, which we take as a reference at t = 0, and ⌬t is the time after pulse absorption. Since we are only concerned with processes involving electrons leaving the conduction band, we scale the model to the experimental data at t = 30 ps to avoid any complications from electron-phonon scattering and ambipolar diffusion. Figure 3 shows the thermoreflectance model ͓Eq. ͑4͔͒ fit to sample experimental data from Figs. 1 and 2. We only show one data set fit from each experimental setup since the various measurements on the samples were similar ͑within the experimental noise͒ when normalized at the peak ͑see Figs. 1 and 2͒ , and the reported value of ␥ s in the figure is based on the fit to the one depicted data set. The ͑pump͒ reflectivity, extinction coefficient, and excitation depth for Si at 400 and 785 nm are R = 0.484 and 0.33 m, k = 0.521 and 0.007 m, and ␦ e = 0.06 and 8.92 m, respectively. 24 In the low repetition rate measurements, the average ␥ s among the various measurements on the samples is 3.88 ϫ 10 −30 Ϯ 0.92 cm 6 s −1 . The high repetition rate measurements, however, exhibited a much higher Auger recombination coefficient, yielding an average value of 5.35 ϫ 10 −28 Ϯ 0.08 cm 6 s −1 .
Auger recombination coefficients in Si have been measured to span the range from 10 −31 to 10 −30 cm 6 s −1 . 18, 25, 26 The Auger recombination coefficient determined from the low repetition rate data agrees well with the previously reported range of data; the slightly high value could be due to the surface treatments on the Si wafers. The high repetition rate data, however, yield an average best fit value for ␥ s that is two to three orders of magnitude higher than literature values for Si. In the analysis of the data using Eq. ͑1͒, the initial excited carrier density is estimated by assuming that the number of carriers in the conduction band driving the thermoreflectance decay is that excited by a single pump pulse. However, since the Auger recombination time in Si in the low perturbative limit is longer than the time between pulses ͑and also longer than the time between pulse envelopes produced by the EOM modulating the pump pulse train at 11 MHz͒, the excited carriers in the conduction band will accumulate until the conduction band is saturated in the energy range of the incident pump laser pulse. Qualitatively, this explains why ⌬R is much higher in the high repetition rate data compared to the low repetition rate data; the conduction band states are all filled in the laser energy range in the higher repetition rate data so incident photons cannot be absorbed. This means that the excited number density that drives the Auger decay will be much higher than that excited by a single laser pulse ͑N e ϳ 6.0ϫ 10 17 cm −3 as previously stated͒.
To estimate the excited number density in 80 MHz data, we assume that the conduction band states in Si are completely filled in an energy range of hv − E g above the conduction band minimum, where E g is the band gap. Assuming a negligible increase in conduction band number density due to Fermi smearing, since we assume an unperturbed state at room temperature, the number of excited electrons in the conduction band due to pulse accumulation in the 80 MHz measurements is estimated by 27   FIG. 3 . ͑Color online͒ Thermoreflectance model fit to sample experimental data from the high and low repetition rate measurements. In the low repetition rate measurements, the average ␥ s among the various measurements on the samples was determined as 3. N e ͑t = 0͒ = 16 ͱ 2m
where Eq. ͑5͒ assumes a parabolic conduction band and h is Planck's constant. Using Eq. ͑5͒, the excited number density in Si from 785 nm pulses is 5.8ϫ 10 19 cm −3 . Using this saturated excited number density in the thermoreflectance model yields an average best fit ␥ s = 5.45ϫ 10 −32 Ϯ 0.8 cm 6 s −1 . This value is in better agreement with the literature value for the recombination coefficient in Si than ␥ s determined assuming an excited number density from only a single pump pulse, however, is still relatively low compared to ␥ s measured with the low repetition rate setup.
The lower value of ␥ s determined from the high repetition rate measurements with Eq. ͑5͒ than that determined from the low repetition rate measurements could be due to the excited carrier number density assumption used in the reflectivity calculations. Equation ͑5͒ assumes that all empty states in the conduction band within the laser energy excitation range will be filled; this is effectively an upper limit for the excited number density. However, this may not be the case as there may be some of the electron population in the conduction band that recombines via Auger processes before the next pulse is absorbed. With a single measurement, both ␥ s and N e are difficult to determine. However, given both low and high repetition rate measurements, ␥ s can be determined from the low repetition rate measurements without complication from pulse accumulation, and then the excited number density can be determined from the high repetition rate data by fitting the thermoreflectance model to the data by iterating N e . Assuming ␥ s = 3.88ϫ 10 −30 cm 6 s −1 as determined from the low repetition rate measurements, the excited number density in the conduction band from the 785 nm pump pulse excitation is 6.5ϫ 10 18 Ϯ 0.4 cm −3 . We can also estimate the total excited number density including accumulation by examining the thermoreflectance signal of the high repetition rate data before and after zero pump-probe delay time. In the postprocessed high repetition rate data in Fig. 2 , we subtract off the background signal to just examine the magnitude of the decay, as per the data correction procedure discussed by Stevens et al. 22 However, examining the raw data before data processing shows that the average peak value of ⌬R is ϳ10 and the average value before t =0 is ϳ1.5; a representative noncorrected data set from the high repetition rate experiment is shown in inset 2 of Fig. 2 . Given that the lock-in amplifier measures the average thermoreflectance decay triggered to the 11 MHz repetition rate, the peak represents the total excited number density from all the pulses in the modulation envelope; for an 80 MHz oscillator being modulated at 11 MHz, this corresponds to ϳ4 pulses so the peak thermoreflectance at a value of ϳ10 corresponds to a total excited carrier density of ϳ2.5 ϫ 10 18 cm −3 . Therefore, the before zero time thermoreflectance value of ϳ1.5 corresponds to a residual number density of ϳ0.5ϫ 10 18 cm −3 . This leads to an estimate of the excited carrier density of ϳ3 ϫ 10 18 cm −3 from simple arguments by examining the measured signal. Although this method is very approximate, it gives order of magnitude agreement with N e determined from the model fit procedure discussed earlier ͑6.5ϫ 10 18 Ϯ 0.4 cm −3 ͒. In either case, these excited carrier densities are nearly an order of magnitude less than the saturated excited number density determined via Eq. ͑5͒, indicating that the 785 nm excitations at 80 MHz and 2 J m −2 incident fluence does not saturate the conduction band, so the Auger recombination coefficients at the surface of the Si wafers are slightly higher than literature values for bulk, nontreated Si.
IV. CONCLUSIONS
In summary, this work reports measurements of the Auger recombination coefficients of surface treated Si wafers measured from thermoreflectance decay using pump-probe experiments operating at two different repetition rates, 250 kHz and 80 MHz. The thermoreflectance signals measured with the two setups are drastically different, which is ascribed to the excited carrier density in the conduction band. In the low repetition rate case, the excited carriers recombine via Auger processes before the next pump excitation is absorbed. However, in the high repetition rate case, the rate in which the pump excitations are absorbed at the sample surface is higher than the Auger recombination rate, indicating that the excited carrier density in the high repetition rate experiments are much higher than in the low repetition rate measurements, even though the pump fluences are comparable. This is quantified with a coupled rate equation and thermoreflectance model fit to the experimental data. 
